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MEASUREMENTS  OF  THE  OUT-OF-PLANE  DISPLACEMENT  OF  AN  AXIALLY  LOADED 
CRACKED  METAL  SHEET  WITH  A  CFRP  REPAIR  PATCH 

>»y 

R.  M.  J.  Reap 


SUMMARY 

An  adhesively  bonded  carbon  fibre  reinforced  plastic  (CFRP)  repair  patch 
situated  centrally  on  one  face  of  a  1.6ms  thick  sheet  test  piece  of  aluminium 
alloy  7475-T761  containing  a  central  fatigue  crack  caused  an  out-of-plane  dis¬ 
placement  when  the  teat  piece  was  loaded  in  tension  normal  to  the  crack  length. 


Out-of-plane  displacements  for  two  crack  lengths  (2a  *  75  mm  and  2a  ■  94  mm) 
were  maaaured  using  a  dial  gauge.  The  magnitude  of  the  displacement  depended 
upon  crack  length  and  was  a  nonlinear  function  of  applied  load.  A  greater  dis¬ 
placement  per  load  increment  occurred  at  low  loads  and  there  was  a  tendency 
towards  a  limiting  value  at  high  loads.  A  moir i  shadow  technique  was  also  used 
to  measure  displacements  and  the  results  agreed  well  with  dial  gauge  measurements. 


Ultrasonic  C-scan  images  revealed  an  adhesive  debond  region  near  the  crack 
line  at  the  centre  of  a  crack  of  length  2a  ■  94  bib.  This  debond  is  thought  to  be 
the  reason  for  a  disparity  observed  between  displacersnt  measurements  on  the 
patched  and  unpatched  surfaces  of  the  test  piece.  :  Juuur  lent  ion. 
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!  ISTHODPCTIOH 

A  technique  for  tha  rapair  of  a  fatigue-crackad  natal  abaac  uaing  an  adheaively 
bond ad  patch  of  CT1P  laminate  haa  baan  raportad  previoualy1,  and  a  cosprahansiva  review 
of  rapair  patching  haa  baan  publiabed2. 

Oaring  tha  cooraa  of  aarliar  vorfc1  uaing  1.6a  thick  aluadniun  alloy  ahaat,  an  out- 
of-plana  diaplacenent  or  'neutral  axta  offaat'  ana  obeerved  cauaad  by  tha  aaynaatric 
loading  arranganent  of  a  aingla  patch  on  one  faca  of  the  cracked  ahaat.  Othar  norkara 
have  aubaeqoently  raportad  a  aiailar  obaervatlon3’*.  The  patching  of  one  faca  of  a 
cracked  panel  rather  than  both  fneaa  la  eaviaaged  to  be  an  often  encountered  eituation 
in  the  practical  application  of  repair  patching,  agr  ohara  only  one  face  of  a  cracked 
panel  ia  acceaaible  for  rapair.  (Inca  no  quantitative  data  on  tha  neutral  aria  offaat 
ware  available,  naaenrananta  of  diaplacaaant  vara  aada  on  an  alodniun  alloy  ahaat 
patched  on  ona  aide.  Parana tara  atndied  inclndad  the  groaa  applied  atreaa,  tha  crack 
length,  and  the  integrity  of  tha  patch  to  panel  edheelvo  bond. 

2  jgBB Crran  e 
2.1  Matoriela 

A  1.62m  thick  ahaat  of  clod  alunUiuu  alloy  7475-T76J  ana  naod.  Tha  cladding 
thichnaaa  ana  0.23  i  0.03  wm.  Tha  ISOM  aide  by  300m  long  penal  teat  place  contained 
a  central  apark-nachlned  crack  etartor  elot  10m  a  0.3m.  The  panel  ana  doalgnatad  3/19. 

Tha  carbon  fibre  reinforced  plaatic  (CPIP)  lead  note  patch  ana  Mdo  fron  a  five- 
ahaft  aatin  cloth  ooven  fron  Coortaalda  IAS  carbon  fibre,  1.2  denier  fllaMat  in  tone  of 
3000  fihroa.  Tha  cloth  ana  lnpragnatad  with  a  aolution  of  epony- hardened,  hot  aattlng 
TriedaKrafti  reain,  Xylofc  237.  After  air  drying  tha  pliea  vara  hat  wmldad  at  a 
t«Mera«are  of  433  I  and  praaaora  of  3  We  to  prodoca  a  four-ply  lead  gate  with  a  0,  90° 
lay  up.  Tha  nechanical  proper tiaa  of  tha  laninata  wore  datarodnad  fron  a  taatpleca  10  m 
wide  by  163  m  long  with  bonded  aloaiaiaa  and  plataa  of  dlMnalona  10m  a  SOM  *  1.23m. 

lrM  langth  of  teatpieca  between  the  and  plataa  ana  63  m.  At  a  loading  rate  of 
0.02  an/nia  on  a  20  m  gauge  length,  tha  taneile  Yowag'a  nadolea  (I)  ana  deterninod  aa 
63.3  CPa.  The  repair  patch  waa  1.02  m  la  thichnaaa  and  naaowred  102.4m  «  83.7m. 

Prior  to  patching,  a  fatigue  crack  waa  grown  la  tha  panel  under  a  eoaataat  anpli- 
tude  eianaoidal  loading  anveforn  at  a  frequency  of  10  b.  Tha  weir  lent  groaa  fatigue 
atreaa  waa  60  Ita  and  the  K-ratie  (ain/nax  atreaa)  waa  0.1.  Tha  load  anplitude  ana 
eoaataat  (U.  incraaaing)  and  tha  fatigue  crach  ana  grown  to  a  langth  of  2a  -  73  an, 

(2a/2W  -  0.3). 

The  repair  patch  waa  bended  to  tha  altalnlta  alloy  penal  uaing  byaol  9309  epooy 
adhaalve.  Tha  aliMaiun  alloy  ahaat  aurface  waa  prepared  by  abrading  with  carberuodun 
paper  and  water  then  rinaed  with  acetone  and  driod.  A  uniforn  adhaalve  layer  thichnaaa 
waa  achieved  by  tha  uee  of  0.134m  dianeter  nylon  fllaneet  apecora.  Tha  patch  wee 
bonded  at  roon  teM«ratura  under  a  praaaure  of  0.1  Ita  for  3  daya.  Typical  nechanical 


properties  of  this  adhesive  ere  e  sheer  nodulus  (C)  of  0.7  CPs  end  eensile  Young's 
aodulus  (E)  of  2.4  CPs  fnenufecturer’s  dees). 


2.2  Msssurenent  of  displacement 

2.2.1  Die!  tsuee  teehnieue 

The  repelr  petehed  peael  ms  sprayed  with  silver  paint  sad  a  grid  drawn  on  both 
faces  in  pencil  as  shewn  la  Fig  1 .  Tbs  panel  was  leaded  via  pins  in  a  serve hydraulic 
teat  Machine  and  a  dial  gangs  was  Boasted  en  the  lower  grip  ealag  a  Magnetic  claap  and 
extension  Menacing  bars.  The  technique  found  neat  satisfactory  for  obtaining  a  con¬ 
sistent  aero  displacement  baseline  was  to  aero  the  dial  gangs  under  a  lead  of  0.S  kx. 
Measuraneats  of  dlaplacaneat  at  increasing  lead  values  ware  node  with  0.S  kX  lead 
inersnants. 

Xa  order  to  detamlaa  the  shape  of  the  panel  and  patch  under  lead,  point  neasure- 
naats  of  dlsplacenant  were  made  en  the  Ita  square  grid  at  the  narimnu  lead  value  of 
14.7  HI  (40  iVa  gross  stress).  Maasuransnts  were  nada  ever  one  quadrant  of  each  side 
of  the  panel.  The  lead  was  reduced  to  0.3  HI  between  each  reading,  the  gangs  saroed, 
and  the  lead  reapplied.  Three  readings  ware  averaged  for  each  point  displacement  value. 
The  reproducibility  was  generally  batter  than  0.02  ■. 

On  completion  of  Measurement,  the  panel  was  subjected  to  further  fatigue  leading 
in  order  to  grew  the  fatigue  crack.  The  panel  was  subjected  to  1444)0  lead  cycles  as 
for  the  pre-crack  described  in  section  2.1  and  the  test  stepped  at  a  crack  length  of 
2a  *  94.2  urn  CU/2V  «  0.42).  ksynaatrical  crack  growth  was  observed,  share  UK 
a  ■  49.0  mm  and  UK  a  -  44.4  an. 

Further  displacement  Measurements  were  carried  eat  at  the  new  veins  of  crack 
length  as  described  above. 

2.2.2  Ohadow  weird  technique 

A  ceaparleoa  ef  displacement  Measurements  obtained  by  the  dial  gauge  (contact) 
method  and  shadow  neird  (non-cost act)  nathed*  was  serried  out  at  the  crack  length  value 
ef  2a  •  94  a.  The  panel  was  first  sprayed  with  white  glees  paint  to  provide  a  reflect¬ 
ive  surface.  A  glass  diffraction  grating  of  line  spacing  0.123  am  was  placed  on  tha 
repair  patched  side  of  tha  panel  resting  an  three  Sun  steal  balls.  Clips  and  rubber 
bands  were  need  to  secure  the  grating,  and  tha  panel  was  laser tad  in  a  tensile  test 
machine  using  the  sane  attachments,  a  white  light  source  with  a  parallel  bean  was 
positioned  at  43*  incidence  angle  te  the  panel,  and  a  camera  statienad  at  90°  to  the 
panel  surface,  as  illustrated  in  Fig  2.  The  panel  was  leaded  te  14.7  kg  and  a  photo¬ 
graph  was  taken  of  tha  neird  fringes  resulting  frea  the  panel  and  patch  surface  dis¬ 
placements.  The  photograph  was  analysed  te  plot  values  of  disp.aceneat  from  the  fringe 
pattern,  where  in  this  arrangement  the  f rings- to-f rings  spacing  represented  a  displace- 
neat  difference  ef  0.123  m. 


s 


man 


3. 1  Plsvlacatmnt  results 

A  plot  of  UtoraX  displacement  t|ilut  load  1*  shown  to  Tig  3  at  two  position*  on 
eh*  C nr  patch  for  a  panel  crack  length  of  2a  *  75  an.  The  displacement  la  soon  eo  bo 
a  nonlinear  function  of  load,  and  aon-wdform  over  the  patch  surface.  A  relatively  snail 
increment  of  tonsil*  load  resulted  in  a  relatively  large  displacement  increment  at  low 
load  values .  The  displacement  tended  toward*  a  limiting  value  at  high  loads. 

A  similar  plot  of  lateral  displacement  against  load  is  shown  in  fig  A  for  two 
values  of  panel  crack  length  showing  displacement  at  the  centre  of  eh*  patch.  The  dis¬ 
placement  at  warlw  load  was  greater  for  the  longer  crack  length  of  2a  •  N  ■  eoapared 
to  the  crack  length  of  2a  •  73  am.  Ac  lead  values  of  laaa  than  4.3  H,  the  trend  was 
reversed  to  a  smell  secant,  with  greater  it  spies  ameers  for  the  shorter  crack  la^th,  and 
this  observation  will  he  dloaeeead  mere  felly  later. 


A  ssegsrissa  af  diap: 
sides  of  the  panel  is  ahem 
he  two  ms  loading  ami  ualoadi 
disparity  ana,  however,  obi 
At  madman  load,  tha  aapeti 
1.23  am  maaanral  on  tha  patch 


in  fig  3.  Tha  crack  length  was  2a  -  *4  am  and  the  differences 
g  am  diapls semen t  mm  negligible  (eerva  A).  A  considerable 

ad  aids  af  tha  panel  ana  displaced  by  I. S3  am  semparsd  to 


This  disparity  will  be  discussed  later. 


A  ssacser  plot  of  tha  eapatehad  side  of  the  paaal  with  crack  length  2a  •  73  as  is 
•ho**  U  Tig  d.  The  plat  ana  generated  by  an  interpolation  algorithm  sailed  notinr  on 
am  nk  I  (Odd  msiefvs  ureter,  using  point  dlepleasmsmr  values  measured  over  one  goad- 
rant  af  tha  paaal.  T*  aid  vised  appro* la tins  da  stmt  sera  base  baaa  reflected  U  Che 
X  aad  T  sees.  Tha  relative  peaitioa  af  tha  CPhP  patch  on  the  apposite  side  af  tha  paaal 
has  beam  indicated  by  tbs  dashed  lima  F  . 


A  ceatmnr  plat  and  lane  trie  plot  far  diaplesantata  of  tha  patch  serfacc  are  shows 
in  fig  7 abb.  The  is  sms  trie  plot  sf  Fig  7b  ess  generated  from  data  from  oao  guadraat, 
roflastad  la  the  X  and  T  anas  aa  above,  and  gives  a  visual  appreciation  of  the  patch  snr- 


Thc  plots  lllaatrata  tha  Sanaa  of  dl  spies  smear  sensed  by  tha  neutral  ads  offset  is 
that  tha  patched  side  af  dm  paaal  is  offset  towards  the  neutral  ads.  Tha  aoacowr  ad 
iaanscric  plats  for  the  ventral  region  of  tha  patch  surf***  arc  shown  in  Fig  babb, 
generated  from  diapls s inert  asaaurenaats  on  a  1m  sguatw  grid  spaing.  Tha  aaamladty 
of  patch  snrfsss  deformation  1*  evident. 


A  phstsgrsph  af  the 
panel  is  ahswa  la  Fig  (. 
Ml  a  v  44.4  m,  The  asy 
tha  fringe  pattern. 


msird  fringe  pattern  sbssrvsd  on  the  pat* hud  aid*  af  the 
Tha  crack  length  waa  2a  •  (4  m,  with  Lkf  a  ■  41. (  m, 
ms  try  af  track  length  may  ha  responsible  for  the  **ym* 


itry  is 
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Displacement  values  measured  from  the  moird  interference  fringe  pattern  era  shown 
in  Fig  10  at  thraa  positions  along  tha  patch:  x  -  -  35  am;  x  •  0;  *  -  ♦  35  am.  Tha 
rasults  ara  compared  with  diaplacaaant  valuas  aaasutad  using  tha  dial  gauga  technique, 
and  tha  plots  show  good  agraaaant. 

3.3  Examination  of  fractura  surface 

Obaarvation  of  tha  aluminium  panal  fractura  surfaces  revealed  an  asynaetric  fatigue 
crack  front,  as  shown  in  Fig  11.  This  obssrvation  has  baan  noted  elsewhere^’*’*  and  indi¬ 
cates  that  the  distribution  of  crack  tip  stresses  across  tha  crack  front  is  modified  bp 
the  superimposed  out-of-plant  displacement.  Tha  crack  front  region  near  tha  unpatched 
face  of  tha  panal  showed  a  longer  affective  crack  length.  Indicating  a  local  increase  in 
crack  tip  stress  intansitp  factor  range. 

4  DlSCPS5I(m 

Tha  results  have  shown  that  a  patched,  cracked  sheet  suffers  a  neutral  axis  offset 
whan  the  crack  is  loaded,  confirming  tha  observations  of  other  workers^'*.  Quantitative 
data  has  bean  presented  which  Indicates  that  for  the  panel,  adhesive,  patch,  and  loading 
conditions  considered,  the  marl  mas  displacement  msaaured  was  approximated  1  to  1.5  mn. 

Tha  displacement  effect  is  illustrated  in  Tig  12.  As  the  axial  load  la  Increased,  load 
is  transferred  to  the  patch  sad  e  displacement  results  as  tha  loading  line  attempts  to 
establish  a  straight  path  through  tha  as jams trie  structure.  This  affective  straightening 
of  the  load  path  produces  tha  expected  result  of  high  deflection  at  loo  loads  and  a 
limiting  value  of  displacement  as  load  is  increased.  Hence  displacement  mas  a  nonlinear 
function  of  load,  and  varied  over  tha  surface  of  the  patch. 

A  disparity  was  observed  in  one  situation  as  shown  la  Fig  3  between  the  displace¬ 
ments  measured  on  tha  patched  side  of  the  panel  and  tha  unpatched  side.  The  crack  length 
mss  2a  >  94  am,  and  the  difference  in  displacement  on  opposite  sides  of  the  penal  at  the 
centre  of  the  crack  was  0.3  ms,  suggesting  that  tha  panel  was  separating  from  the  patch, 
or  that  some  void  mss  being  created.  An  ultrasonic  C-scan  image  was  taken  of  the  unloaded 
panel  baed lately  after  application  of  the  patch  for  a  crack  length  of  2a  *  75  mn,  and 
this  was  compel si  with  a  C-scan  taken  of  tha  unloaded  panel  for  a  crack  length  of 
2a  •  94  m,  aa  shown  in  Fig  !3a4b. 

At  tha  longer  crack  length  an  extensive  debond  region  was  observed  along  the  line  of 
the  crack,  strongly  suggesting  that  the  displacement  disparity  of  0.3  m  was  caused  by  the 
debond  region  opening  under  load.  It  is  thought  that  the  panel  it  pulling  away  froo  the 
patch  along  the  crack  line  and  if  so,  than  this  'splaying'  of  ths  crack  edges  is  akin  to 
the  buckling  observed  in  aa  unpatched  centre-cracked  sheet  highly  loaded  in  tenaion.  Since 
it  is  known  that  high  shear  stresses  exist  in  tha  adhesive  ’between  the  patch  and  panal 
along  the  line  of  tha  crack*,  then  eha  additional  ttratset  in  the  adhesive  due  to  tha  buck¬ 
ling  condition  are  thought  to  be  contributory  to  the  formation  of  an  adhesive  debond  by 
increasing  interfacial  stresses.  A  comparison  of  the  load-displacement  curves  for  two 
stack  length  values  as  shown  in  Fig  4  indicat as  that  the  presence  of  a  debond  region  alto 
affects  tha  magnitude  of  patch  displacement  under  load.  The  higher  overall  displacement  at 
high  loads  fo-  the  longer  crack  would  be  expected  as  a  result  of  both  the  reduced  stiffness 
of  the  alur  an  panel  with  a  longer  crack  and  the  reduced  constraint  on  panel  displacetwnt 
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b«cau*«  of  the  increase  in  debond  area.  The  'crossover'  effect  at  low  loads  a*y  be 
explained  by  the  presence  of  the  daboad  at  the  longer  crack  length;  since  the  debond 
occurs  where  adhesive  shear  stresses  and  hence  load  transfer  to  the  patch  are  greatest, 
removal  of  this  region  would  be  expected  to  result  in  reduced  load  transfer  to  the  patch 
at  low  loads,  hence  little  displacement.  Zt  is  seen,  therefore,  that  load  transfer  to 
the  patch  is  synonym) us  with  displacement  and  via*  versa  .  If  no  toad  transfer  occurred, 
no  displacement  would  be  observed.  Ac  low  axial  loan,  in  particular,  the  out-of-plant 
displacement  is  a  sensitive  function  of  load  transfer  to  the  patch  -  the  more  effective 
the  transfer  of  toad,  the  greater  the  displacement. 

ty  these  arguments,  fatigue  loading  a  patched  panel  with  no  out-of-plane  displace¬ 
ment  coold  result  in  the  suppression  of  adhesive  debond  formation,  and  this  wilt  be 
investigated  in  future  work.  These  results  strongly  suggest,  therefore,  that  out-of-plane 
displacement  is  a  contributory  factor  to  the  formation  of  en  adhesive  debond. 

A  further  effect  of  displacement  is  the  modification  of  the  creek  tip  streaa  inten¬ 
sity  factor  range  along  the  crack  tip.  The  crack  tip  stress  intensity  factor  range  is  higher 
nesr  the  non-petebed  side  of  the  penal  resulting  in  e  higher  local  crack  growth  rata. 

Thia  effect  is  caused  by  the  neutral  axis  offsat,  which  has  baen  analysed*’®  and  it  has 
been  shown*  that  the  crack  growth  rate  ie  increased  near  the  unpatebed  side  of  the  panel. 

The  i^ortant  practical  inference  nf  this  work  is  that  out-of-plana  displacement 
may  radoea  Che  patch  affactfvenasa  both  by  promoting  tha  formation  of  a  debond,  the 
presence  of  which  will  reduce  load  transfer  to  the  patch,  and  elao  by  modifying  the  crack 
tip  stress  intensity  distribution  along  the  creek  front. 

3  comcuniOOT 

Loading  e  fatigue  crack  la  e  thia  metal  sheet  having  a  bonded  woven  CTXP  patch 
resulted  in  an  out-of-plana  displacement  the  magnitude  of  which  was  dependent  on  crack 
length  end  applied  lead.  Displacement  of  tha  unpatched  face  of  the  panel  was  influenced 
by  adhesive  daiond  between  tha  patch  and  panel,  tha  pretence  of  which  resulted  in  en 
Increase  in  displacement. 
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Table  I 


DIIFLACDCrr  HA801WHTS  OF  PHPATCHED  SOIFACE  Of  PAHEL. 

gn! m  Wbdt  a  C&ib  or  it. i  iaf 


Z-axi*  co-ordinata  (an) 

0 

10 

20 

30 

40 

50 

60 

70 

0 

1.140* 

0.969 

CT771 

0.968 

0.924 

0.954 

0.931 

0.970 

10 

1.054 

0.886 

a 

0.900 

0.904 

0.928 

0.931 

0.930 

20 

0.926 

0.811 

CwTTl 

0.842 

0.868 

0.892 

0.920 

0.920 

30 

0.830 

0.722 

0.753 

0.795 

0.817 

0.844 

0.835 

0.880 

Y-axis 

40 

0.726 

0.614 

0.631 

0.700 

0.758 

0.759 

0.781 

0.830 

co-ordinata 

50 

0.630 

0.541 

0.560 

0.632 

0.655 

0.680 

0.712 

0.768 

(■0 

40 

0.561 

0.483 

0.503 

0.548 

0.379 

0.620 

0.658 

0.709 

70 

0.538 

0.423 

0.443 

0.476 

0.549 

0.572 

0.371 

0.620 

80 

0.478 

0.378 

0.396 

0.437 

0.470 

0.502 

0.320 

0.555 

90 

0.360 

0.350 

0.360 

0.390 

0.4J5 

0.440 

0.544 

0.471 

100 

0.267 

0.283 

0.310 

0.338 

0.360 

0.381 

0.381 

0.406 

•Satinets 

Displacements  ara  mjr  froa  tha  loading  axis,  {a  convex  aurfaca 


Table  2 


■  DIPUalnT  «AS01ZMEHT8  OF  PATCH  STOTAC1.  2a  -  75  n  PHDER  A  LOAD  OF  14.7  kH 


I-uil  co-ordinata  Cm) 


n 

0 

3 

10 

20 

25 

30 

35 

40 

1.102 

1.090 

1.079 

1.069 

1.066 

1.062 

1.055 

1.088 

1.082 

1.017 

1.028 

1.020 

1.053 

1.058 

1111*11 

10 

■ESI 

1.034 

1.029 

1.005 

1.00 

0.987 

1.025 

1.025 

BK7U 

Y-axis 

co-ordinata 

0 

1.109 

1.090 

1.069 

1.062 

1.055 

<— > 

10 

1.039 

1.029 

1.00 

1.025 

1.02 

20 

0.925 

0.946 

0.935 

0.958 

0.949 

30 

0.842 

0.851 

0.848 

0.849 

0.855 

40 

0.743 

0.735 

0.744 

0.766 

0.783 

Diaplacaaant*  ara  towards  tha  loading  axis,  it  eoneava  aurfaca 
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dimensions  in  mm 


Mg  1  Dimensions  of  aluminium  alloy  panel  and  CFRP  patch 


Fig  2  Illustration  of  the  shadow  moire  technique  shown  in 
(a)  plan  view  and  (b)  front  view 


A :  (x=0,  y=0) 
B :  (x=35.y=0 ) 


’V 

. . . . . .  i  ■  - - . - - - . - - 

0  1  2  3  4  5  6  7  6  9  10  11  12  13  14  15 

Applied  Load  (kN) 


Fig  3  Effect  of  applied  load  on  patch  surface  displacement  at  two  positions 
A,B  on  the  patch  surface  with  a  panel  crack  length  of  2a  ■  75  mm 
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Fig  5 
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Fig  5  Displacement  measurements  at  the  centre  (x  •  0,  y  ■  0)  of  a  panel 
with  a  crack  length  of  2a  ■  94  mm  (loading  and  unloading) 

A  patch  side  and  B  unpatched  side 


70  -SO  -SO  -40  -30  -20  -10 


10  20  X  40  SO  10  70 


X-axi*  coordinot*  (mm) 

P:po*rt»on  of  patch  onapp  uX 
contour  ircr«mtnt*O097mm 


Fig  6  01tp1eca«ont  contour  plot  of  the  unpotched  side  of  ponol  3/19  with 
0  crock  length  of  2i  ■  75  m.  (Nooturowntt  fron  on#  quadrant 
reflected  In  II  wd  T  axes.) 
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Fly  I  Displacement  of  control  pete*  royton  for  o  panel  crock  length  of 
to  ■  71  oo.  Noeturononts  frgo  ono  yweirent  reflected  In  X  and 
y  onoo  (o)  contour  plot  (h)  looootrlc  plot 


Fig  9 
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Fig  9  Fringes  on  patched  tide  of  panel  3/19  under  tensile  lead  observed 
by  the  shadow  hoi rt  technique.  Crack  length  2a  -  94  m 


Fig  10 


P1|  11  ef  fatlaue  fractal*  surface  on 

*'r21~  tawl  sMwIat  tae  aapwtrlc  crack  front  stone  of 
*t1*N  tract  (A)  at  onset  ef  final  tensile  failure  note  (I) 


Fig  12 
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Fig  12  Illustrations  of  out-of-plano  displacement  showing  - 

(a)  offset  duo  to  modification  of  neutral  axis  and  E 

(b)  offact  of  dobond  on  panel  displacement 
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Fig  13 


(a) 


Fig  13  Ultrasonic  C-sc«n  Images  of  the  CFRP  patch 
of  panel  crack  length  (a)  2a  ■  75  mm  (b) 
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